ABSTRACT: Pre-clinical assessment of stability in total knee replacement is crucial for developing preferred implant performance. Current total knee replacement patients often experience joint instability that the human body addresses with compensatory strategies. Specifically, an increased quadriceps-hamstrings co-contraction serves to increase joint stability through an increased compressive force across the tibiofemoral joint. The aim of this study is to introduce a novel method to evaluate total knee replacement by determining the compressive loading required to achieve natural knee stability. Four current total knee replacement geometries in both their cruciate-retaining and posterior-stabilized forms are modeled in a finite-element framework. The finite-element model is initially validated experimentally using traditional knee laxity testing with a constant compressive load and anterior-posterior displacement or internal-external rotation. Model predictions of constraint are in reasonable agreement with experimental results (average root mean square errors: 0.46 Nm, 62.5 N). The finite-element model is subsequently interfaced with a feedback controller to vary the compressive force that the implant requires in order to match experimental natural knee internal-external and anteriorposterior stability at different flexion angles. Results show that the lower constraint total knee replacement designs require on average 66.7% more compressive load than the higher constraint designs to achieve natural knee constraint. As expected, total knee replacement stability and compressive load requirements to replicate natural kinematics vary with inclusion of tibiofemoral ligaments. The current study represents a novel approach to evaluate stability in existing total knee replacement geometries and to design implants that better restore natural knee mechanics. ß
Total knee replacement (TKR) is a common and effective procedure in reducing or eliminating joint pain and restoring joint function, with typical 10-year survivorship near 95%. 1, 2 The procedure involves removing a number of structures which provide restraint in the natural knee, including the articular surfaces of the bones, menisci, and one or both cruciate ligaments. The implanted components aim to restore joint stability provided by the sacrificed structures; however, knee instability remains a common complaint of TKR patients, particularly during highdemand activities such as stair ascent/descent. [3] [4] [5] [6] A number of studies have compared tibiofemoral (TF) laxity/stability characteristics of the natural knee with a variety of available implant designs. Various experimental studies 7, 8 compared the laxity of multiple TKR designs of varying sagittal radius in the absence of any soft-tissue, reporting substantial differences in anterior-posterior (AP) and internal-external (IE) range of motion between components. Luger et al. 9 used an experimental knee simulator to apply compressive force plus cyclic AP force and IE torque to cadaveric natural and implanted knees, reporting that for low conforming devices, soft-tissue restraint was required at low compressive loads in order to avoid anterior tibial subluxation, while at higher compressive force, sufficient stability was provided by the component geometry alone.
These traditional laxity tests are based on evaluating the differences in joint motions under an applied outof-plane load for different designs; for example, they demonstrate that a low constraint design will achieve greater IE range of motion under the same applied IE torque than a high constraint design. However, it is difficult to interpret how these differences in laxity, across implants or compared with the natural knee, will impact patient musculoskeletal function. In addition, the human body is effective at adopting compensatory strategies in response to surgical trauma, injury or degeneration. Notably, adaptation of muscle recruitment patterns and forces to counteract sensations of joint instability is commonly reported in clinical electromyography (EMG) studies, with increased quadricepshamstrings co-contraction shown to enhance TF joint stability after TKR. [10] [11] [12] [13] [14] [15] Benedetti et al. 12, 13 reported a high level of coactivation of hamstrings and quadriceps in the stance phase of gait in patients with low constraint TKR, 2 years after surgery. Lundberg et al. 14 showed similar findings: Specifically, a prolonged co-contraction of antagonistic muscles in the TKR subjects compared to the healthy group is observed. Based on this, some studies 15 pointed out that to minimize compensatory movement strategies and optimize muscle-firing patterns should be the focus for clinicians treating TKR patients. Mitchell et al. 16 suggested that intrinsic stability in TKR design may be one of the factor that provides for an efficient muscle recruitment similar to that observed in healthy conditions. Muscle co-contraction is primarily experienced as an increase in the compressive force on the TF articular surfaces of the joint, which is an important factor for stabilization. 17 Hsieh and Walker 18 reported a marked increase in stability with an increase in compressive load, and believed geometrical conformity of the condyles to be the most important factor in decreasing laxity under load-bearing conditions. Therefore, the compressive force across the joint is one of the key factors influencing TKR motion, together with friction and condylar constraint. 7 Since an appropriate goal for TKR is to restore the natural mechanics of the TF joint, [19] [20] [21] [22] we aim to evaluate TKR stability in a novel way, through incorporating adaptation in compressive load via feedback control. Specifically, the objective of the current study is to estimate compressive load requirements necessary to achieve natural stability/laxity for current TKR designs, and we hypothesize that these load requirements will vary as a function of the constraint inherently provided by the geometry of the TKR components. Consistent with ASTM standard F1223, TKR constraint here is defined as the relative inability of a TKR to be further displaced in a specific direction under a given set of loading conditions as dictated by the TKR's geometrical design.
METHODS

Methodologic Overview
In order to achieve the objective, the study was carried out in three sequential steps. First, finite-element (FE) models of commercially available TKR designs were developed and validated against experimental laxity data from tests performed in-house on the same TKR geometries. Geometric data and conformity ratios were determined and reported for each TKR design. Lastly, the validated FE models were interfaced with a feed-back control algorithm that adjusted the compressive force necessary for the TKR to match natural knee laxity data (which was adopted from the literature). Fig. 1 ). In the VIVO, load and motion can be applied in any combination of the 6 DoF. Prior to testing, the joint was lubricated with Vaseline to reduce friction but maintain visibility for kinematic measurement. A constant compressive load of 200 N was applied to the implant. This value was chosen as being low enough to avoid plastic deformation or damage to the insert during the loading cycles. At two different flexion angles (0˚, 90˚), experimental trials were run under displacement control, applying either IE rotation (up to 25˚) or AP translation (up to 20 mm), while the corresponding load in the same DoF was measured. IE and AP kinematic profiles were adapted according to the level of constraint of the tested TKR design and to the flexion angle, 23 applying more motion to the less constraining designs and vice-versa. During testing, the insert varus-valgus rotation and vertical translation were free, with all other DoF fixed except for the DoF under evaluation. The femoral component was rigidly fixed to the simulator.
Model Validation
A FE model of the implant (Fig. 1) 24 was used together with a friction coefficient of 0.04 appropriate for metal-polyethylene interaction. 25 The models were evaluated under the same conditions as the experiments. Response loads were measured in the DoF of interest and compared to the experimental data.
Conformity Ratio Measurement
Before simulation, conformity ratios were computed to quantify the geometry of four current TKR designs in posterior-stabilized (PS) and cruciate-retaining (CR) configurations: Triathlon 1 (Stryker, Kalamazoo, MI), Nexgen 1 (Zimmer Biomet, Warsaw, IN), Attune 1 (DePuy, Warsaw, IN), and P.F.C. Sigma 1 (DePuy Warsaw, IN). Sagittal conformity ratio was calculated by dividing the femoral sagittal radius of curvature by the insert sagittal radius of curvature at the dwell point at 0˚, 30˚, 60˚, and 90˚of flexion. The dwell point was defined as the lowest point of the insert articular geometry. 26 Coronal conformity ratio was calculated by dividing the femoral coronal radius of curvature by the insert coronal radius of curvature at the dwell point at 0˚of flexion (coronal conformity did not change with flexion). The implants utilized intentionally represent a range of available conformity/constraint.
Feedback-Controlled Model Development
Data from experimental in vitro laxity tests of the natural knee were obtained from published literature. 18, 27 Specifically, torque-rotation and force-displacement curves from the following tests were obtained:
Anterior tibial translation under an increasing AP load from 0 to 200 N at 40˚and 90˚of flexion with a compressive load of 900 N. 27 Internal and external tibial rotation under an increasing IE torque from 0 to 15 Nm or 20 Nm at 40˚and 90˚of flexion with a compressive load of 900 N. 27 Internal-external rotation under a cyclic IE torque from 0 to 4.903 Nm at full extension with a compressive load of 734 N. 18 A FE model of the implanted TF joint as described above was used. The primary ligaments crossing the joint were also included (Fig. 2) . Specifically, two-dimensional representations of the posterior capsule (PCAP), medial collateral ligament (MCL), lateral collateral ligament (LCL), anterolateral structure (ALS), popliteofibular ligament (PFL), and posterior cruciate ligament (PCL) (with CR designs) were included in the model, and have been previously calibrated to reproduce measured knee constraint. 28 The boundary conditions of the experimental testing were replicated as follows. The implant components were positioned according to the initial flexion angle of the specific test (0˚, 40˚, 90˚) and in neutral mechanical alignment. Preliminary simulations were performed as traditional laxity tests. IE torque profiles (0-4.903 Nm, 0-15 Nm, 0-20 Nm) or AP load profiles (0-200 N), as per the in vitro tests, and compressive force (734 N, 900 N) were applied to the tibial component and relative TF joint motions were recorded. TF joint kinematics and loads were applied and measured via a Grood and Suntay joint coordinate system. 29 The step size time was 1 s: Previous work showed that if the FE model is meant to replicate quasistatic activity/test, the step length does not affect kinematics prediction. 24 The time increment was chosen after a convergence analysis and set to 1e-5 s. Laxity properties of the four TKR designs were evaluated. One of the CR devices (P.F.C Sigma 1 ) was evaluated in two states: With a normal posterior cruciate ligament (PCL) and in a worst-case scenario, that is, with the PCL removed. All the evaluated TKR designs were the same size (equivalent to P.F.C. Sigma 1 size 3). Subsequently, simulations which allowed adaptation of the applied compressive load in response to implant laxity were performed; that is, the compressive force was calculated based on the force required to match the target IE torque or AP force profiles of the cadaveric tests. This was implemented through a proportional-integral (PI) control system which was coded in FORTRAN language and interfaced with the FE models through an Abaqus user subroutine. 30 Natural knee kinematics (either IE rotation or AP translation) were applied to the insert. During the simulation, a sensor in the Abaqus/Explicit model recorded the instantaneous load on the tibial component (either torque or force, depending on the test), and passed this load value to the PI controller at each increment of time (Fig. 3) . The purpose of the controller is to adjust the compressive load applied to the tibial component, so that, for an instantaneous kinematic pose, joint load in the corresponding DoF matched that of the natural knee. For example, if the measured IE torque in the model is greater than the target IE torque (i.e., the natural knee IE torque), the compressive load applied to the implant decreases to reduce IE torque, while if the measured IE torque is less than the target torque, the compressive load increases. The proportional and integral gains in the PI controller were manually tuned for each laxity test in order to minimize the error between the target profile and the sensor value. The compressive load required for each implant during each simulation was recorded and compared to the compressive force applied in the natural knee cadaveric tests. 18, 27 Compressive load requirements were also compared between implant designs, implant types (CR or PS), and between models tested with and without ligament structures. Implants were divided into two groups, based on constraint (two lower and two higher constraint implants), and the two groups were compared by means of unpaired two-tailed Student's t-tests. 
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To evaluate the most efficient FE solution, results from Abaqus/Explicit (dynamic) and Abaqus/Standard (both static and quasi-static) models were compared in terms of required compressive load and target matching as well as analysis time. Abaqus/Explicit was faster than Standard (20 min vs. 2 h simulation), obviously an important characteristic in the control tuning process, providing comparable results, and hence was adopted for the analyses shown herein.
RESULTS
Model Validation
The FE model predictions of TKR constraint in IE and AP were in overall agreement (Fig. 4) with the experimentally measured displacements in the same DoF. Average root mean square (RMS) error were 0.46 Nm and 62.5 N, respectively. The FE predictions appropriately differentiated between the three implant designs.
Conformity Ratio Measurement
Sagittal conformity ratios ranged from 0.22 to 0.88 (Fig. 5a) . P.F.C. Sigma 1 and Attune 1 showed higher conformity ratios than Nexgen 1 and Triathlon 1 at each of the evaluated degrees of flexion. Sagittal femoral and insert radii of curvature are shown at 0å nd 90˚of flexion. Coronal conformity ratios ranged from 0.52 to 0.97 (Fig. 5c) . Triathlon 1 showed much lower coronal conformity than all other designs, in both CR and PS configurations. Nexgen CR had the highest frontal conformity ratio; however, its coronal radii are larger than any other designs ( Fig. 5b and d) . This aspect makes Nexgen CR less geometrically constrained in the IE DoF. AP laxity is directly related to the sagittal conformity ratio, while IE laxity is driven by both coronal and sagittal conformity. For this reason, we classify Attune 1 and P.F.C. Sigma 1 as higher constraint implants and Nexgen 1 and Triathlon 1 as lower constraint implants.
Feedback-Controlled Model Development
The feedback-controller was able to effectively match the natural knee stability 18, 27 after adequate manual tuning of the gains of the control system. RMS differences between the simulations and the target kinematic profiles were on average 0.52 Nm for the IE tests (4.41% with respect to the load range) and 8.17 N for the AP test (4.09% with respect to the load range).
Traditional laxity testing with the same constant compressive force applied on the intact natural knee during the experimental testing 18,27 resulted in substantially different measured behaviors at full extension (Fig. 6a) as well as at 40˚and 90˚of flexion (Fig. 6b) . Many of the tested implant designs dislocated (interrupted plots in Fig. 6b ) when subjected to the same loads applied to the natural knee. The TKR IE laxity were in general greater than the natural knee when the same compressive force was applied (Fig. 6a) .
With the feedback-controlled models, the lower constraint implants generally required a higher compressive force than higher constraint geometries, regardless of the flexion angle at which the laxity test was performed (Figs. 7-10 ). The two lower constraint designs overall required an average of 66.7% more compressive force than the high constraint designs to maintain stability equivalent to that of the natural knee (at peak applied AP/IE loading). The two groups (two lower and two higher constraint implants) were statistically different (p 0.001) by means of an unpaired two-tailed Student's t-test. Simulation was also performed in IE without the soft tissues present, which quantifies to what extent the implant surfaces contribute to the stability of the joint (Figs. 7 and 9) . When the implants were tested without the soft tissue, differences in the required compressive force to match natural stability were found, although not always substantial, which indicates that the articular surfaces of TKR are the main contribution to the joint stability. On average, at the peak IE load, the devices tested without ligaments required 28.2% more compressive force. Implants overall were much more similar to natural stability in AP loading than IE loading. On average, over all the tests performed, the PS designs required 2.6% more compressive force than CR, at the peak AP or IE load; the two groups proved to be not statistically different when subjected to a paired Student's t-test. On average, cruciate-retaining P.F.C. Sigma tested without PCL required 37.7% more compressive force at the peak IE torque, with respect to the same implant evaluated with the ligament.
DISCUSSION
Current TKR designs demonstrate wide variation in the level of geometric constraint provided at the TF joint. Under a constant compressive load, the most constrained device, evaluated with soft tissue, provided similar AP and IE laxity to that reported in the natural knee during cadaveric testing, while the least constrained device resulted in AP and IE motions up to 5X greater than the natural knee. These traditional laxity tests assume that the loading condition at the joint remains consistent and variation in component design is reflected through variation in joint motion and ligament forces. It is somewhat difficult to interpret the impact to the patient of greater motion in the implanted knee under consistent loading. The new method described in this paper is a novel approach to assessing joint constraint in the implanted knee. Implant stability is described in terms of the loading requirements to reproduce stability equivalent to that of the natural knee. Although it is still unclear specifically why the muscle activity pattern of TKR subjects deviates from the healthy population, EMG studies have demonstrated that the body may adopt alternative muscle loading strategies to try to maintain the stability of the joint, with higher levels of quadriceps-hamstrings coactivation frequently reported after TKR than in an intact control group. [10] [11] [12] [13] 15 While it is most likely that the in vivo joint will incorporate a combination of increased muscle force and increased joint laxity, rather than purely one or the other, the current study provides a useful complement to traditional laxity assessments and illustrates the levels of compressive load required to achieve stability on par with the natural knee for different TKR designs. Given that patients commonly suffer from muscle activation deficit, implant designs which aim to reduce the compressive force requirements (and hence muscle force requirements) to maintain a stable knee have potential for improving efficiency and function for the TKR patient. This work presented an extended comparison between TKR designs with different levels of conformity/ constraint in their cruciate-retaining and posteriorstabilized configurations. In general terms, all of the implants required more compressive load than the natural joint in order to maintain natural stability, 
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which demonstrates the complexity of reproducing the combined contribution of the articular surfaces and stabilizing structures of the natural knee. The higher constraint designs with soft tissue reasonably reproduced measured natural stability, while the lower constraint implants required greater compressive loading to maintain stability. The large magnitude of these compressive loads (Fig. 8) suggests that it is unlikely that these implants will provide stability similar to the natural knee. Implants were much closer to natural mechanics during anterior tibial loading than during internal-external loading, which is primarily a reflection of different design philosophies. Many implants have intentionally reduced IE constraint in an attempt to allow or encourage a more natural kinematic response with substantial IE rotation during flexion. As seen with rotating-platform designs, IE constraint is not a requirement for clinical success; however, as both the understanding of natural knee mechanics and implant design become more sophisticated, reproducing combined stability and mobility requirements will be more accessible, and the method developed herein will be useful in iterative design.
There are limitations in the present study that should be considered. First, the reference natural knee data were taken from previously-published work and therefore minor differences between the computational model boundary conditions and the experimental setup could be present. However, the authors believe that this limitation does not significantly affect the main findings of the study and it certainly does not affect the validity of the proposed method for implant evaluation. A second limitation is that the mechanical and geometrical properties of the ligaments included in the FE model derive from a previous work 28 and therefore do not match the specific in vitro experiment or the range of patient soft-tissue balance post-operatively. However, the experimental data used here as a reference were averaged over more than one subject therefore the effect of the ligament properties on the knee joint laxity were averaged as well. In addition, under compressive load, the constraint of the condylar surfaces is a more critical factor for the TKR stability than the surrounding soft tissue. 18 A third limitation of the study is that only the main DoF, that is, IE and AP, , and Nexgen 1 was implemented for P.F.C Sigma 1 as well. Therefore, it is reasonable to believe that the FE model of P.F.C Sigma 1 geometry was a trustworthy representation of the TKR.
The current study is an updated approach to ASTM F1223 for implant joint stability; increased or decreased stability is directly created through modification of the compressive force acting at the joint. For a patient, the compressive force across the joint is driven by Figure 6 . TKR laxity when the same compressive force from the natural knee testing 18, 27 is applied. IE rotation at full extension (above), at 40˚and 90˚of flexion (below). Dislocation occurred when the plot is interrupted with a cross. TKR STABILITY WITH FEEDBACK-CONTROLLED LOADING the muscle forces acting across the knee; additional co-contraction of the quadriceps and hamstrings serve to increase the compressive force and reduce joint motion under external loads. This study demonstrates the influence of implant design, and ranks TKR components, in isolation of confounding patient-specific factors (ligament tension, body weight, etc.), in terms of the compressive load requirements to maintain a level of stability measured in the natural knee. This ranking is consistent with articular surface conformity/constraint of these devices. Clearly, there is a trade-off between stability and mobility; a more conforming design has potential to hinder range-of-motion and affect the functionality of the joint. 20 In addition, there is a trade-off in that high constraint will transfer greater loading to the bone-implant interface, and may play a role in wear or damage of the insert. In this study we selected natural knee motions as our target joint motions for each device; implants which better match natural constraint have potential to create more natural mechanics and reduce incidences of instability in patients during high demand activities with large out-of-plane loads. This study serves as an initial investigation into whether joint motion can be controlled through adaptation of compressive joint via a PI controller. Having demonstrated the efficacy of the approach here, subsequent work will aim to evaluate the specific muscle force and synergy adaptations required to achieve stability during high-demand dynamic activities on a design-specific basis.
